ABSTRACT In machine-type communications (MTC) or wireless sensor networks (WSNs), since MTC devices or sensors have limited supply of energy, energy efficient transmission schemes are important. In addition, transmission schemes should not be complicated for sensors of limited capabilities. In timedivision duplexing mode, channel-aware random access schemes seem promising as they can be implemented with simple operations without coordination and exploit the channel state information for energy efficient transmissions. In this paper, we propose a channel-aware random access scheme with multiple slots where each slot's transmission probability can be optimized under long-term and short-term energy constraints. The proposed scheme outperforms a single threshold-based channel-aware random access scheme for a low maximum transmission power of sensors. Furthermore, due to multiple slots, sensors of low channel gains can also transmit their local signals as those of high channel gains, which improves the fairness.
I. INTRODUCTION
Machine-type communications (MTC) have been extensively studied within cellular systems to support connectivity for MTC devices including sensors [1] - [3] . In MTC, energy efficiency is important since sensors or sensors usually have limited energy sources (e.g., batteries) [4] . A wireless sensor network (WSN) can also be implemented using MTC [5] and various energy efficient approaches for WSN can be adopted within MTC, e.g., from routing [6] to transmission schemes and protocols [7] , [8] , and to signal modulation [9] .
MTC devices and sensors can be coordinated or scheduled by an access point (AP) to transmit their signals for better energy efficiency [10] . Since there can be a number of devices and sensors in MTC, distributed scheduling for signal transmissions would be desirable. To this end, random access can be considered (e.g., [11] , [12] for WSN and [13] - [15] for MTC). The channel state information (CSI) can be exploited to derive energy efficient random access protocols [16] , [17] . In particular, the channel-aware ALOHA protocol in [16] is a good example where a random access scheme (i.e., ALOHA) is combined with channel-aware transmission techniques (i.e., power control) to maximize the throughput. While a simple collision model is used in [16] , more realistic models including the multipacket reception (MPR) model can be considered as in [17] and [18] . Note that both channel-aware ALOHA and sensor censoring (where the sensors of reliable local decisions can transmit) become energy efficient by allowing a subset of sensors to transmit.
Channel-aware ALOHA has another advantage that its throughput can grow with the number of devices 1 thanks to the multiuser diversity. However, since the multiuser diversity gain is limited by the maximum transmission power [16] , the performance gain may not be significant even if there are a number of devices when the maximum transmission power 2 of devices is low. Thus, it is desirable to derive random access schemes that are efficient at a low maximum transmission power.
In this paper, based on a simple collision model, we study an energy efficient transmission scheme for devices that have signals to be transmitted to an AP. In order to be energy efficient, we exploit CSI that is available via the channel reciprocity in time division duplexing (TDD) mode. The proposed transmission scheme can be seen as a modification of channel-aware ALOHA with multiple slots where multiple devices are thrown into multiple slots according to their channel gains. While the channel-aware ALOHA scheme in [16] employs the power control to exploit multiuser diversity gain, no power control is considered in the proposed scheme because the performance improvement by the power control becomes limited for a low maximum transmission power of devices. In the proposed scheme, as opposed to channel-aware ALOHA, the throughput is improved (maximized) by optimizing transmission probabilities for multiple slots. In general, the devices in a slot of higher channel gain are more encouraged to transmit than those in a slot of lower channel gains to improve the throughput. In this paper, two optimization problems are considered to find optimal transmission probabilities: i) one with a long-term energy constraint; ii) the other with a short-term energy constraint. Note that as in [19] , splitting algorithms can be used to reduce collisions. Although the proposed scheme could be extended by accommodating splitting algorithms as that for distributed detection in [20] , we confine ourselves to ALOHA-like schemes as they are relatively easy to implement for devices.
The rest of the paper is organized as follows. In Section II, we propose a channel-aware transmission scheme. The transmission probabilities of the proposed scheme are optimized with a long-term energy constraint in Section III and a short-term energy constraint in Section IV. Simulation results are provided in Section V. We conclude the paper with some remarks in Section VI.
II. CHANNEL-AWARE TRANSMISSION SCHEMES
In this section, suppose that there are one AP and K devices of limited energy (or battery constrained). Those devices are deployed within a cell and each device has a certain information or local signals to transmit to the AP upon request. The AP broadcasts a request signal or beacon to all devices [3] . Devices can send their local signals to the AP within a reporting time (RT). We assume a TDD-based system where the channel reciprocity can be exploited. Furthermore, throughout the paper, we assume that the duration of an RT, which consists of L slots, is equivalent to a coherence time as illustrated in Fig. 1 . For convenience, we assume that the request signal is transmitted at time l = 0 from the AP. Since the request signal is a known signal 3 by devices, each device estimates the channel gain from the received signal, and decide whether or not it transmits the local signal to the AP with an RT based on the channel gains. 3 The request signal can be considered as a pilot signal for the channel estimation at devices. We propose a channel-aware transmission scheme with a finite L when the devices' transmission rates are relatively low (and the maximum transmission power is also low). Thus, within an RT consisting of L slots, each slot duration is sufficiently long to allow a device to report its data to the AP with a certain transmission rate depending on the channel gain. Each device can decide its access probability as well as a slot as in multichannel (or multi-slot) ALOHA.
Denote by h k the channel gain between the AP and device k, and h k remains unchanged over an RT, which is equivalent to a coherence time. Consider a nonincreasing threshold sequence, {V l }, as follows:
and devices can be classified into L groups as follows:
where V 0 = ∞. If a device belongs to I l , it can transmit its local signal to the AP with probability q l , which is referred to as the transmission probability at time l. To aggressively pursue the multiuser diversity for a large K , K devices are divided into L groups as in (1) to avoid collisions, which might result in a better performance by optimizing individual transmission probabilities of multiple slots.
Since we consider a TDD-based system, the channel reciprocity can be exploited to allow devices to decide their transmission rates based on the channel gains. With known channel gains, if a device, say device k, transmits at time l, the achievable rate becomes
where P is the transmission power, which is the same for all devices. Thus, device k in I l can successfully transmit its local signal to the AP at the following rate:
From this, we can see that if a device of high channel gain transmits, a higher throughput can be achieved with the same transmission power, P. In the proposed scheme, in order to improve the energy efficiency without power control, the throughput will be maximized by optimizing transmission probabilities of multiple slots jointly. While devices of high channel gains should be encouraged to transmit to increase the overall throughput or improve the energy efficiency, the throughput can be degraded due to collisions when multiple devices transmit their signals simultaneously at a given time. Therefore, in what follows, we consider optimal access probabilities (of multiple slots) to maximize the overall throughput under energy constraints. In this paper, based on the collision 4 model, we consider the optimization of transmission probabilities with two different energy constraints: i) long-term energy constraint in Section III; ii) short-term energy constraint in Section IV.
III. OPTIMIZATION WITH A LONG-TERM ENERGY CONSTRAINT
In this section, we study the optimization of transmission probabilities, {q l }, to maximize the average throughput for a given long-term energy constraint.
A. ENERGY CONSUMPTION CONSTRAINT
LetĒ L denote the maximum (average) energy consumption threshold by K devices over an RT or L slots. If the total energy of K devices is denoted by E total ,Ē L has to be a fraction of E total , andN sess = E total E L becomes the average number of reporting sessions with a total energy of E total , which is equivalent to the lifetime of K devices.
In addition to the maximum energy consumptionĒ L , there is another limiting factor which is the maximum transmission power by a device, denoted by P max . Note that the maximum transmission power, P max , cannot be arbitrarily high due to devices' size and cost. Thus, throughout the paper, we assume that the relationship betweenĒ L and P max is given by
where η is usually small (η 1). Note that ifĒ L increases with K , η decreases with K as P max depends only on each device's transmitter, which is independent of K . Throughout this section, we assume that P is bounded as follows:
Together with the long-term energy constraint, the maximum transmission power constraint in (4) is to be taken into account. 
B. THROUGHPUT MAXIMIZATION
For tractable analysis in this section, we consider the following assumptions: A1) The channel coefficients, h k , are independent and identically distributed (iid) and |h k | 2 is distributed as
i.e., the Rayleigh fading channel is assumed. This implies that the MTC devices in the system have the same (or similar) pathloss. A2) The probability that a device belongs to I l is the same for all l. That is,
where p is constant. The threshold values, {V l }, can be accordingly decided if the distribution of |h k | 2 is known.
Example 2: Under A1), the probability that device k belongs to I l is given by
and if p l = 1
L+1 , the threshold values become
Note that in this case, the devices of
Prior to discussing the optimization of transmission probabilities, we note that it is possible to optimize transmission powers for each time slot and/or {p l } in (6) to maximize the throughput (subject to other constraints). However, we only confine ourselves to the optimization of transmission probabilities in this paper (other possible optimizations could be considered as further research topics).
Denote by D l the number of devices belonging to I l , i.e., D l = |I l |. The probability that the number of the devices that transmit their local signals at time l is d is given by
For a large K , using the Poisson approximation, we can show that
where, according to A2), λ = p l K = pK .
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Under A2), we can find the average energy consumption by devices over an RT. For given {D l }, the average power consumption by devices at time l is as follows:
Thus, the average energy consumption by devices over an RT is given by
where the last equality is due to E[D l ] = λ under A2). If the total energy consumption over an RT is limited byĒ L , we have
which leads to the following constraint:
At time l, if only one device can transmit to the AP, a throughput of R l can be achieved. Thus, for given {D l }, the throughput becomes
where P l,1 denotes the probability that only one device in I l transmits, which is given by
The average throughout is given bȳ
where the expectation is carried out over {D l }.
According to A2), we can consider D l as the number of balls in a bin when K balls are randomly placed in L bins. As mentioned earlier, D l is well approximated as a Poisson random variable with mean λ = pK .
Proof: Based on the Poisson approximation, we have
Since D l is a Poisson random variable with mean λ, it can be shown that
For q l 1, we have exp(λe −q l − q l ) ≈ e λ e −(1+λ)q l , which leads to
Substituting (21) into (19), we obtain (18) . With the constraint 7 in (14) and the approximate throughput in (18), we can formulate the following optimization problem to find transmission probabilities:
whereq < 1 is the maximum transmission probability and q * l denotes the optimal transmission probability at time l. . Proof: To prove, we need to show that q l e −(1+λ)q l is concave as a weighted sum of concave functions (with nonnegative weights) is concave [22] . It can be easily shown that
q l e −(1+λ)q l is concave. This completes the proof. If the energy budget per RT,Ē L , is sufficiently large, the optimal transmission probability, q * l , is independent of R l as shown in the following result. 
Note that q max =q 2 . Proof: If is sufficiently large, the maximization can be decomposed into L problems as follows:
Since q l e −(1+λ)q l is concave for 0 ≤ q l ≤q, the maximum can be found by setting the derivative to zero, which results in (22 
In general, the optimal transmission probability decreases with l to be energy efficient. In other words, the devices in I l are more encouraged to transmit than those in I l+1 , since the transmission rate, R l , is higher than R l+1 .
Lemma 3: The sequence of optimal transmission probabilities is a nonincreasing sequence as
(24) Proof: By finding the solution of (22), we can show (24) . Using a Lagrange multiplier, we can consider an unconstrained problem as follows:
where β is a Lagrange multiplier. Note that the constraint, 0 ≤ q l ≤q, is not taken into account, because q * l ≤ q max <q from Corollary 1. For a given β, the optimal transmission probability should satisfy the following equality:
Since e −(1+λ)q l (1 − (1 + λ)q l ) is a decreasing function of q l , the solution, denoted by q * l (β), decreases with β R l or increases with R l . Since R l decreases with l from (2), q * l (β) also decreases with l, which results in (24) .
Let¯ lt denote the maximum throughput, which is given by¯ *
It can be easily shown that * lt (P, ) ≤ lim →∞¯ * lt (P, )
which implies that the performance mainly depends on collisions and P and can be improved as P increases when is sufficiently large (where the upper bound in (26) is obtained by setting q * l = q max ).
However, as shown in (14), and P are related for a given E L , and the transmission power of a device is usually limited as in (4) . With the maximum transmission power constraint, 0 ≤ P ≤ P max , we can further consider the following throughput maximization:
Lemma 4: LetP
IfP < P max , then the transmission power constraint in (27) can be replaced withP Since P =P, we have
Thus, the transmission power constraint reduces to (29). In summary, from (22) and (27), the throughput maximization problem with the long-term energy constraint becomes
where the last constraint is due to Corollary 1. The inner optimization problem in (30) is a convex problem from Lemma 1, while the outer optimization problem is a one-dimensional optimization problem. In practice, we can consider a set of P, P = {0, , 2 , . . . , P max } or P = {P,P + , . . . , P max }, where > 0 is sufficiently small to perform the optimization in (30).
IV. OPTIMIZATION WITH A SHORT-TERM ENERGY CONSTRAINT
In this section, we consider a short-term energy constraint for the proposed scheme. Let E max and K max denote the maximum energy consumption threshold and the number of transmissions by devices per RT, respectively. For convenience, VOLUME 6, 2018
we assume the following relation:
If the number of the devices that transmit their local signals is greater than K max , then the AP has to broadcast an acknowledgment signal to stop reporting (ASSR) to impose the short-term energy constraint. That is, the AP broadcasts an ASSR at time l if. 8
where K l denotes the number of devices transmitted their signals by time l, which is a cumulative sum of random variables, ζ l , i.e.,
Here, for given D l , ζ l is the number of the devices transmit in time l and has the distribution as follows:
The time that the AP broadcasts an ASSR is given by
As in [23] , ζ l can be estimated at the AP in the presence of collisions. Thus, the AP may have a good estimate of K l to determine T as in (34), which allows to impose a short-term energy constraint by broadcasting an ASSR. Note that if K max ≥ K or E max ≥ KP, it is not necessary to impose the short-term energy constraint in (32). Thus, in this section, we assume that K max < K . In particular, we consider a fraction of K for K max , which implies that P in (31) might be quite high. Thus, the maximum transmission power constraint in (4) is not taken into account in this section. It is noteworthy that if no maximum transmission power constraint is imposed, the channel-aware ALOHA scheme can provide a much higher throughput than the proposed scheme. However, as mentioned earlier, the proposed scheme would be more attractive than the channel-aware ALOHA scheme in terms of fairness as devices of low channel gains can also access the channel thanks to multiple slots.
With T , the throughput over an RT can be given by
and the optimal transmission probabilities are to maximize the average throughput as follows:
The throughput in (35) differs from that in (15) 
From (37), we can easily show that
whereT is a stopping time that is given bỹ
Here, the distribution ofζ i is given by 
Proof: Using the Poisson approximation, we have
Replacing D l with Y l and T withT , we have
, where the expectation is carried out over {Y l }. Let
which is a martingale with respect to {X l } or {Y l }, l = 1, . . . , i. For a stopping time,T , according to the martingale stopping theorem [24] , we have
Thus, we have
It can be shown that
where B i = i l=1 R lXl . As shown in (21), for q l 1, we haveX
Then, from the inequalities in (38), we can show (41). In (41), we need to derive a closed-form expression for Pr(T ≥ l), which is given in the following result.
Lemma 5: We have
where c l =
Sinceζ l is an independent compound Poisson random variable, the moment-generating function (mgf) of l i=1ζ i is given by
Thus, H l = l i=1ζ i is a compound Poisson random variable, which is a conditional binomial random variable with param- eters N and c l , i.e., B(N , c l ) , where N ∼ Poisson(lλ).
From (39), it can be shown that
Since H l is a compound Poisson random variable, we can show that
From (41), we can formulate the optimization problem for transmission probabilities with the short-term energy constraint as follows:
where A l (c l ) = Pr(T ≥ l). The optimization problem in (48) can be solved using dynamic programming techniques [25] .
Noting that c l = l−1 l c l−1 + 1 l q l , the following dynamic programming can be formulated:
with J L+1 (x L+1 ) = 0 and x l = c l−1 denotes the state variable that has the following recursion:
In ( . With E max = 10 and K max = 4, the optimal transmission probabilities can be found using (49). They are q * 1 = 0.1530 and q * 2 = 0.1507 (the state variable, x l , is quantized with a quantized level of 2.5 × 10 −4 ). Fig. 2 shows that the cost function in (48) and the optimal solution obtained by the dynamic programming formulation in (49).
V. SIMULATION RESULTS
In this section, we present simulation results under A1) and A2) to see the performance of the proposed transmission scheme with both the long-term and short-term energy constraints. Throughout this section, the threshold values, {V l }, are decided as in Example 2. The transmission probabilities are optimized according to (22) for simulations.
For comparison purpose, we also present the throughput performance of the channel-aware ALOHA in [16] . Under the channel-aware ALOHA, each device can transmit local signals over L unit times (or an entire RT) if its channel power gain, |h k | 2 , is higher thanV > 0, which is a threshold. Thus, the transmission probability in the channel-aware ALOHA scheme is given by
(51) VOLUME 6, 2018 For convenience, define the inverse function of q(V ) asV (q). Denote by P r the power of the received signal. If |h k | 2 ≥ V at device k, the transmission power based on the channel inversion policy 9 is given by P tx,aloha = P r |h k | 2 ≤ P max , which is the normalized power under the assumption that the noise variance is unity (which is considered throughout the paper), and the transmission rate is given bȳ
where P max is the maximum device's transmission power. Then, a long-term energy constraint is given as follows:
Here, f (z) denotes the pdf of z = |h k | 2 . Based on the collision model, the throughput of the channel-aware ALOHA scheme is given bȳ 9 In [16] , it is shown that the channel inversion based power allocation approaches the optimal power one as K → ∞.
which is a function of q. The thresholdV that maximizes the throughput in (54) can be decided under the long-term energy constraint in (53).
A. WITH THE LONG-TERM ENERGY CONSTRAINT
In this subsection, we present the throughputs of the channel-aware ALOHA and proposed schemes under various conditions with the long-term energy constraint. Fig. 3 shows the throughputs for different values of η with K = 200, L = 10, andĒ L = 10 (in this section, the maximum energy consumption threshold,Ē L , and P max are relative values). Note that P max increases with η asĒ L is fixed. It is shown that the throughputs of the channel-aware ALOHA and proposed schemes increase with η. It is also shown that the channel-aware ALOHA suffers more from a low maximum power constraint than the proposed scheme since the throughput of the channel-aware ALOHA scheme is much lower than that of the proposed scheme when η is low, but grows rapidly as η increases and eventually becomes higher than that of the proposed scheme. The results in Fig. 3 shows that the proposed scheme outperforms the channel-aware ALOHA scheme when the transmission power of devices is limited (i.e., η is low). However, for a large η, the channel-aware ALOHA scheme needs to be employed for a better performance. In order to see the impact of K , the throughputs are obtained for different values of K and shown in Fig. 4 with L = 10,Ē L = 10, and η = 0.03. When K is sufficiently large, the further increase of K does not improve the performance significantly in both the proposed and channel-aware ALOHA schemes due to more collisions. In the proposed scheme, however, since K devices are divided into L slots and transmission probabilities are optimized in each slot, as shown in Fig. 4 , it can perform better than the channel-aware ALOHA scheme. It is noteworthy that although the throughput of the proposed scheme is saturated for a large K (as shown by the upper-bound in (26)), the lifetime of devices increases with K with a fixedĒ L , because the total energy increases with K . Consequently, we can see The impact of L on the throughputs is shown in Fig. 6 where the throughputs are obtained with K = 200, E L = 10, and η = 0.03. The performance of the channelaware ALOHA scheme is not satisfactory when L is small (≤ 11), while the throughput becomes much higher than that of the proposed scheme for a large L (≥ 12). This result shows that the proposed scheme is more suitable for a shorter coherence time than the channel-aware ALOHA scheme. As in [11] , if the AP moves, the coherence time becomes shorter as the speed of the AP increases. In such a case, the proposed scheme becomes attractive.
B. WITH THE SHORT-TERM ENERGY CONSTRAINT
In this subsection, we consider the short-term energy constraint. The transmission probabilities are obtained by 
It is noteworthy that although the optimal transmission probabilities can be found from (49), they are not the optimal solutions to the original problem in (36). For comparison purposes, we consider the transmission probability q max = 1 1+λ for all q l . This transmission probability maximizes the throughput without any energy constraint. For convenience, this scheme is referred to as the equal probability scheme. Fig. 7 shows the throughputs of the proposed scheme for different values of K max with K = 200, L = 10, and E max = 10. We can see that the upper-bound in (41) is not tight, but the approximate (a half of this upper-bound) reasonably predicts the throughput when K max is not too small (when K max ≥ 4, the approximate and simulation results are in good agreement). Thus, the optimization in (48) to find the transmission probabilities maximizing the throughput is reasonable. It is shown that the throughput decreases with K max . If K max is small, the devices of higher channel gains can transmit signals with higher transmission powers as in (31), which can effectively improve the throughput with optimal transmission probabilities. Note that without optimal transmission probabilities, a higher throughput cannot be achieved although K max is small as shown by the performance of the equal probability scheme (where q l = q max for all l) in Fig. 7 . Fig. 8 shows the impact of K on the throughput when L = 10, E max = 10, and K max = 4. It is shown that the throughput is almost invariant with respect to K from simulation results (on the other hand, the approximate (and upper-bound on) throughput increases slightly with K ). This indicates that the number of devices may not be important in terms of the throughput as long as K is sufficiently larger than K max , because the total throughput is mainly decided by the devices of high transmission powers that transmit in the first VOLUME 6, 2018 few slots. With the long-term energy constraint, we also see similar behaviors in Fig. 4 .
As shown in Fig. 5 , we also consider the impact of the energy, E max , on the throughput with the short-term energy constraint and the results are shown in Fig. 9 with K = 200, L = 10, and K max = 4. Clearly, as E max increases, the throughput also increases.
The impact of L on the throughput is shown in Fig. 10 with K = 200, E max = 10, and K max = 4. The results in Fig. 10 are similar to those in Fig. 6 , where it is shown that the throughput increases with L. In both Figs. 9 and 10, we can confirm that the throughput with optimized transmission probabilities is higher than that with q l = q max for all l (i.e., the throughput of the equal probability scheme). Thus, it is necessary to optimize q l in order to improve the throughput, although we use an upper-bound on the throughput. For better performances, we may need to derive a tight lower-bound on the throughput in the future. Fig. 11 shows each slot's throughput for different values of K max . As expected, the per-slot throughput decreases with l. It is interesting to note that the per-slot throughput does not increase with K max when l is close to L. However, since the transmission rate, R l , decreases with l, we can consider the normalized per-slot throughput, which is the ratio of the per-slot throughput to R l , in order to see the impact of increasing K max in terms of fairness. It is shown that the normalized per-slot throughput at l = L increases with K max . In particular, when K max = 20, the normalized per-slot throughput becomes almost constant with respect to l, which means that the devices at each group have almost equal chance to access the channel (regardless of channel gains). Thus, there is a tradeoff between the overall throughput and fairness, because a better fairness property is expected by increasing K max , while the overall throughput decreases with K max as shown in Fig. 7 .
VI. CONCLUSIONS
In this paper, we proposed a multi-slot channel-aware transmission scheme for energy limited devices in MTC. The proposed scheme was devised not to aggressively pursue the multiuser diversity gain as the multiuser diversity gain becomes insignificant for a low maximum transmission power of devices, but to reduce collisions by multiple slots where individual transmission probabilities are jointly optimized to maximize the throughput. Under the long-term and short-term energy constraints, we formulated optimization problems to find optimal transmission probabilities jointly and solved these problems. In particular, under the short-term energy constraint, we have applied dynamic programming in order to find optimal transmission probabilities. Through simulations, it was shown that the proposed scheme can outperform the channel-aware ALOHA scheme when the maximum transmission power is limited without the power control. However, it might be necessary to employ the power control for the proposed scheme in order to improve the performance further (in particular, for users of low channel gains), which is considered as a further research topic in the future.
